The energy challenge requires a broad range of options for energy harvesting, storage, and conversion. We have produced polymeric coatings by spraying, to be used as electrolyte and electrodes in a fl exible electrochemical double layer capacitor. A thermoplastic polyurethane and a low molecular weight block copolyether were employed with LiClO 4 to prepare solid polymeric electrolytes. Carbon black (CB) and multi-walled carbon nanotubes (MWNTs) were dispersed in the polymer blend electrolyte to produce nanostructured composite electrodes. The conductivities increased with the addition of block copolyether and carbon nanotubes to the electrolyte and electrode, respectively. Scanning electron microscopy (SEM) and atomic force microscope (AFM) images of the nanocomposite electrodes showed nanoagglomerates of CB connected by carbon nanotubes. The solid supercapacitor prepared with these new materials as electrolyte and electrodes showed superior performance to other similar systems. The resulting safe and fl exible multilayer device can meet the requirements of modern devices.
with the management of corrosive ionic conductors, as well as to allow the preparation of thin film cells with high reliability, the use of solid polymer electrolytes (SPE) has been proposed [11, 13 16] .
The performance of carbon-based polymer supercapacitors is closely associated with the characteristics of the materials used, such as new carbonaceous and electrolytes. The characteristics of the polymer electrolyte need to be tailored with the goal of increasing conductivity under specific experimental conditions. A degree of matching between the carbonaceous pore size and the microstructural arrangement of the ions in the electrolyte seems to be more important in terms of capacitor performance than the pore size distribution itself [9] . The polymer chains of an SPE did not show long range displacement during ionic migration, leading to the concept of "immobile solvent" [17] . Although there is a true coordination of cations by oxygen atoms, the anions are more loosely held in the bulk material. Micropores (0 1 nm) or small mesopores (~2 nm) may not be accessible to the ions in this case. Therefore, the strategy is to disperse the carbonaceous particles throughout the entire polymer electrolyte fi lm, keeping low fi ller content to take advantage of the surface area, which is directly exposed to the polymer in solid interfaces. Moreover, a mixture of a low molecular weight polymer with the main polymer matrix allows the preparation of polymer blends, which improve wetability of the carbonaceous material, and also enhancement of ionic access to the range of mesopores (~2 50 nm) constituting the double layer.
Carbon black (CB) is a particulate form of carbon, that can be obtained-depending on the preparation procedure-with a diameter range from 10 to 100 nm, forming extremely porous materials with large surfaces areas (100 2000 m 2 /g) [3, 18] . Carbon blacks with small diameter and large surface area are suitable as fillers to improve electrical conductivity and to create suitable microstructure for charge storage.
Carbon nanotubes (CNTs) are opening up exciting new opportunities in several fields [19] , including storage devices, such as supercapacitors [4, 5, 8, 9, 20 23] . The production of highly conductive pathways, at very low concentration of nanofillers, is one of the most useful properties of CNTs in supercapacitors. The preparation of mats or shape-engineerable forms may allow the smart exploitation of their surface area [22] .
Our group has recently reported a study of materials for electrochemical capacitors, using CB and poly(ethylene oxide) PEO mixed with a polyether copolymer of low molar mass [16] , prepared by spray coating. In this paper we describe two improvements to the previous procedure: the attempt to take advantage of a new kind of carbonaceous material, namely CNT, to increase electronic conductivity and the use of a commercial thermoplastic polyurethane (TPU) giving higher dimensional stability at higher temperatures without loss of ionic conductivity.
Experimental
The materials used to prepare SPE and composite electrodes (CE) by spray casting were TPU (Irogran PS455-203 from Huntsman), LiClO 4 (Aldrich), copolymer poly(propylene glycol)-blockpoly(ethylene glycol)-block-poly(propylene glycol) (COP) (Aldrich, M n = 2000 g/mol supplier data), CB (Cabot, Black Pearls 2000, 1500 m 2 /g, particle size of 12 nm supplier data), multi-walled carbon nanotubes (MWNT) (CNT Co. Ltd., Incheon, Korea), and tetrahydrofuran (THF) (Synth). Carbon black was washed in water and THF in an ultrasonic bath for 3 h and then oven dried. All other reagents were used as received. T h e s p e c i f i c s u p e r f i c i a l a re a f o r C B w a s determined previously to be 1680 m 2 /g [16] . The BET isotherm indicated the presence of micropores (<2 nm) and mesopores (2 50 nm). MWNTs synthesized by chemical vapor deposition were employed in this work. The range of nanotube diameter and length given by the supplier was 10 40 nm and 5 20 μm, respectively. The MWNTs were characterized by thermogravimetry (TG) and scanning electron microscopy (SEM). TG was carried out with an SDT 2960 TA Instruments in air atmosphere with a heating rate of 5 o C/min. SEM images were obtained with a Jeol JSM 840A for the MWNTs and the composites, without any coating of the samples.
T h e e l e c t r o l y t e b l e n d s B E 2 3 a n d B E 3 8 , Nano Res (2009) 2: 733 739 respectively, were prepared from TPU with 23 wt% or 38 wt% of COP, and 20 wt% LiClO 4 . The polymers were dissolved in THF under magnetic agitation. After dissolution of the polymers, the salt was added and mixed by agitation, to produce the final electrolyte blends. The composite electrodes (CE) were prepared using the blend of TPU and 38 wt% of COP, as polymeric matrix, mixed with 4 wt% of MWNT and 8 wt% of carbon black as fillers; the resulting CE is denoted CE4/8. The suspensions for preparing electrode samples were sonicated for one hour to produce a high dispersion of CB and MWNT in the polymer blend. The solutions or suspensions were sprayed on stainless steel substrates. The solvent evaporation was carried out under vacuum, for a minimum of 72 h. The thickness of the layers was determined using a Mitutoyo digital micrometer, with a precision of 1 μm. 
Results and discussion
SEM analysis of MWNT shows (Fig. 1) an open structure consisting of entangled bundles, with diameters between 50 and 200 nm. The BET specifi c surface area, measured by nitrogen adsorption, is 136 m 2 /g [24] . The MWNT material presents a fraction of residual metal of approximately 6 wt% (calculated as ~70% of the final residue weight, corresponding to either Ni, Co, or Fe metallic oxides), as shown by the thermogravimetric residue of ~ 9 wt% in Fig. 1 . The decomposition occurs in two stages, with 584 o C being the temperature of maximum decomposition rate determined in the TG derivative curve (DTG). This two-stage decomposition is associated with the catalytic effect of the metal particles on the nanotube degradation, and the presence of defective material which decomposes fi rst [25] . The TG and SEM results indicated that the CNT used in this work can be considered moderately pure and of good structural quality [26] .
The main thermal properties from the DSC second heating scan curves for the polymeric matrices TPU and COP, electrolytes BE23 and BE38 and CE4/8 composite electrode are summarized in Table 1 . The TPU presents the typical segmented structure, with T g 1 associated with a soft segments amorphous phase, and T g 2 and T m as the thermal events of the rigid segments arrangement [27] . The semicrystalline copolymer showed a low T g , probably related to the polyethylene glycol PPG block, and a low T m related to the polyethylene glycol block [28] . Variable results were obtained from the replicate analysis of electrolytes and composites. This may be associated with heterogeneity of the samples. However, it is possible to extract some important information from Table 1: (1) blend electrolytes show two T g values, but did not exhibit a melting event, or the very low temperature glass transition of the individual copolymer. This is a good indication of blend miscibility and salt interaction with both TPU and COP; (2) The single T g value found for the composite confi rms the miscibility of TPU and COP components; (3) For both electrolytes and composite, the addition of salt or salt + fi llers produces increase in T g . For the electrolyte systems, where lithium cations coordinate to oxygen atoms, the formation of a more rigid amorphous structure is expected [16] . The further increase in T g with filler addition is a consequence of the jammed microstructure produced by the carbonaceous network [29] . Measurements of the conductivity as a function of temperature were performed after heating to 95 o C and subsequent cooling. The Arrhenius plots presented in Fig. 2 show that the differences in conductivity between BE23 and BE38 are of one order of magnitude over the complete temperature range. Moreover, the composite with carbonaceous fillers (CE4/8) shows a further increase in conductivity of half an order of magnitude, and exhibits approximately constant conductivity with respect to temperature. This composite is significantly more conductive than the one used in our previous work [16] .
For randomly dispersed cylinders with aspect ratio equal to 10, the theoretical percolation threshold is 12 vol% [30] . Therefore, this was the concentration of filler added to produce the electrode composite. The MWNT can be considered to enhance the electronic conductivity whilst the CB aggregates provide higher surface area for charge storage. Figure 3 shows the SEM and AFM images of the composite. It can be observed that CB aggregates are, to some extent, connected by bundles of MWNT. Different ratios of MWNT were tested. The 4 wt% concentration of MWNT is the optimized value, under our experimental conditions, because smaller contents lead to less conducting materials and higher contents show nanotube aggregation, and did not improve composite conductivity.
A double layer capacitor with CE4/8 electrode fi lms sandwiching a micrometric coating of BE38 was set up between steel current collectors. Typically, the device was designed with thickness of ~150 μm and area of 0.685 cm 2 . The complete impedance response of the capacitor was tested at 25 o C and 45 o C, as presented in Fig. 4(a) . The partial semi-circle at high frequency in the inset to Fig. 4(a) , may be associated with the resistive and capacitive behavior within the composite electrode. The overall semi-circle was not observed for this coating, because of the apparatus limitations. The second semi-circle at intermediate Table 1 Main thermal data (from DSC second heating curves) for the two polymeric matrices TPU and COP, the electrolytes BE23 and BE38 and the composite CE4/8 frequencies, and fully observed in the main Fig. 4(a) , is assigned to the bulk polymer electrolyte [31] . These two components of the impedance diagram show signifi cant changes with temperature, which indicates that the increase in ionic conduction between 25 o C and 45 o C also improves the overall composite conduction (ionic + electronic), probably because of the increase in the wetability of the carbonaceous materials by the polymer. At low frequency, the straight line response is assigned to the double layer capacitance of the carbon/electrolyte interface. The capacitive behavior is clearly not the only effect observed at low frequency, because the line is not close to 90 o . In the low-frequency range, slow ionic diffusion close to the carbonaceous material is probably changing the double layer structure. Capacitance data obtained for the device from the impedance fi tting results are C. The total mass of carbonaceous material (CB and MWNT) for the two electrodes was used to calculate the specific capacitance. Although the MWNT surface area is very low, approximately 10% of the CB surface area, it can make a contribution to charge storage.
Cyclic voltammograms for the capacitor at 2 mV/s (at 25 o C and 45 o C) show a deviation from the boxlike shape typical of an ideal double layer capacitor [4] . Redox peaks were not clearly observed over 2.4 V. The deviation of the CV curves (Fig. 4(b) ) from a box-like shape can be explained by the internal resistance and carbon porosity, which result in a current dependence of the potential [4, 7] . CV curves give the capacitances as 4 F/g at 25 o C and 6 F/g at 45 o C. Recent reports, based on supercapacitors with CNTs, have presented values of specifi c capacitances close to 20 F/g for liquid electrolyte systems [21, 23, 32] , which indicates that this "solid polymeric device" based on a nanocomposite electrode shows promising characteristics.
A specific capacitance value of 17 F/g was obtained previously by our group for a similar EDLC, with different solid electrolyte and electrode materials [16] . A comparison between flexible polymeric supercapacitors, with different electrolyte and electrode materials, was presented in our previous work [16] . The results obtained in this work are similar to those discussed previously from the point of view of the relationship between specific capacitance and mass of carbonaceous material, with the difference being that all the previous work incorporated high contents of solvents or plasticizers into the polymer electrolyte. The advantage of the present design is the dimensional stability of the multilayer polymer film produced with TPU. This allows easier processing and affords a capacitor which is able to work at higher temperatures than the liquid electrolyte-based ones. Further improvements in the current collector/nanocomposite contact should be pursued. We are presently testing the addition of ionic liquids to the polymer electrolyte as a strategy to improve conductivity and capacitance [33] .
Conclusions
A TPU blend and a mixture of carbon black and MWNT can be employed to prepare flexible electrolyte and electrode films. The spray coating technique permits reproducible preparation of coatings, which are easy to assemble. The low content of active material used in the electrode allows a good dispersability, and gives a nanostructured arrangement with carbon nanotubes connecting the CB aggregates. Such a supercapacitor, without leakage and flammability problems, but showing higher capacitance, should be a very important option in the spectrum of storage and conversion devices available for new technologies.
